Abstract Cowpea aphid-borne mosaic virus (CAB-MV) is a major virus disease in Uganda that causes substantial loss of the cowpea crop especially in growth and yield. The mode of gene action conferring resistance to the virus is not well understood. The objective of the study was to determine the genetic inheritance of resistance in cowpea crosses. Three susceptible (S) cowpea landraces that are commonly grown by farmers were crossed with five introduced resistant cowpea varieties in accordance with a North Carolina mating design II scheme. The F 1 , F 2 and BC 1 F 1 progenies generated were evaluated in the field together with their parents. They were then infected with two infection methods namely: by spreader-rows of S cultivar (Ebelat) and artificial inoculation of virus extracts. The results obtained showed that general combining ability (GCA) and specific combining ability (SCA) effects were significant, indicating that both additive and non-additive gene effects controlled virus infection. The results further demonstrated that the GCA effects (59.8 %) were more important than SCA effects (40.2 %) in determining virus resistance in the cowpea varieties. Utilisation of good general combiners of the varieties MU-93, IT82D-516-2, SECOW-2W and IT85F-2841 in hybridisation to improve virus resistance in cowpea crosses would be recommended. The result of this study provided an indication that CABMV resistance was conditioned by more than one recessive gene in eight populations, but also revealed resistance to be conditioned by a single recessive gene in the other seven populations. Observation of continuous distribution of progenies for severity data in the F 2 populations also confirmed significance of quantitative inheritance for CABMV resistance. Therefore, the significance of GCA effects suggests that recurrent selection could be applied to accumulate the additive genes for resistance in F 2 populations.
Introduction
Cowpea is one of the major food legumes cultivated commercially in most tropics and sub-tropics and it is known to provide an important source of proteins for the rural poor farmers in developing countries (Bashir et al. 2002) . However, sufficient production of cowpea has been dwindled by several factors, but most importantly is due to prevalence and persistence of virus disease infection. Cowpea aphid-borne mosaic virus (CABMV) is considered an important constraint on cowpea crop in all agro-ecological zones, wherever it is grown (Emechebe and Lagoke 2000; Bashir et al. 2002) . The CABMV is economically important virus because it can cause yield losses exceeding 87 % under field conditions (Kaiser and Mossahebi 1975; Mali and Thottappilly 1986; Bashir and Hampton 1996; Shoyinka et al. 1997) . The virus is transmitted non-persistently by several aphid species, but Aphis craccivora Koch is the major aphid vector (Atiri et al. 1984) . The CABMV is a pathogen of many crops, including common beans (Phaseolus vulgaris L.) Fabaceae and has a wide host range (Behnckken and Maleevsky 1977) . The CABMV, a member of the genus potyvirus belonging to the family potyviridae, is one of the plant viruses that cause the most widespread disease in cowpea in the world (Rybicki and Pietersen 1999) . The intriguing characteristics of potyviral diseases are the appearance of mosaic, vein clearing, mottling, deformation and stunting of plants, which are characteristics of CABMV.
In the management of virus diseases, the use of host plant resistance is considered to be the most economical and environmentally friendly. Heritable forms of resistance have been found in certain cultivars or landraces (Fraser 1992) . Byoung-Cheorl et al. (2005) noted that the use of resistant (R) varieties is costeffective for farmers, but considerable time and cost may be involved in developing varieties with appropriate levels of resistance. Although several measures have been examined for control of the virus, host plant resistance is viewed as the most economical, practical and environmentally friendly option (Bashir and Hampton 1996) . Breeding for resistance has become increasingly common practice in controlling viral diseases (Arshad et al. 1998) . Sources of resistance to CABMV have been identified and used in cowpea improvement (Van Boxtel et al. 2000) . However, resistance to CABMV and blackeye cowpea mosaic viruses (BICMV) in P. Vulgaris (L.) Fabaceae has been reported to be conferred independently by single dominant factors that appear to be closely linked (Provvidenti et al. 1983) .
Previous reports indicated that several sources of genetic resistance to viruses in cowpea have been identified (Bashir and Hampton 1996; Umaharan et al. 1997b ). The concerted efforts by the IITA research team have transferred R genes into popular cowpea landraces to boost production for cowpea growers in West and Central Africa (IITA 1998) . In Uganda, the major cowpea growing areas are in the eastern and northern regions, where the crop is grown for food security and cash income. Despite the demand by farmers in the cultivated regions for commercialisation of cowpea, it is often hampered by the epidemics of CABMV. The CABMV disease is thus a major hindrance to cowpea production in the regions, sometimes registering zero yields in fields grown with susceptible (S) cowpea cultivars. Indeed, CABMV has been reported to be common in the cowpea growing regions of Uganda (Edema et al. 1997) , and is a threat to cowpea production. Besides, there have been no efforts to improve resistance to CABMV in the local S cowpea cultivars in Uganda. This work, therefore, focused on the development of R varieties for future use by breeders and other stakeholders for commercialisation. Arshad et al. (1998) described resistance to BICMV as governed by a single recessive gene pair in cowpea lines. In the case of CABMV, it has been reported that resistance in cowpea is governed by a single dominant or recessive gene (Taiwo et al. 1981; Kyle 1994, 1996) . Patel et al. (1982) reported resistance to CABMV to be expressed by minor or modifier genes. The modifier genes have been reported to possess small quantitative effects on the levels of expression of another gene. Therefore, knowledge of genetic inheritance is needed when developing cowpea varieties R to CABMV as this enables breeders to develop an appropriate breeding strategy. The objective of this study was to determine the nature of inheritance governing resistance to CABMV in cowpea.
Materials and methods
Experimental conditions at the research station (NaSARRI) Experimental trials were established under natural field and greenhouse conditions at the research station. The climatic conditions such as temperatures ranged from 17.5 to 27.5°C for minimum and maximum, respectively, while rainfall ranged from 1,000 to 1,300 mm. In the greenhouse, physical watering was done to irrigate the plant stands whenever necessary at the research station. Generally, the soil type for crop growth at the research station constitutes clay-loamy. However, light duration was taken as constant during the time of the study.
Field establishment of cowpea genotypes for screening against CABMV A total of 54 cowpea genotypes were evaluated and screened for resistance to CABMV in the field conditions at NaSARRI (data not presented). The design was a randomised complete block design with two replications. Two replications were considered because of limited seeds that were available. The replicates were separated by 2 m alleys with 1 m between plots and blocks. There were nine blocks each containing six plots within a replication. Individual genotype was planted at a spacing of 90 cm between rows and 40 cm within rows in a plot size of 4 9 3.6 m.
Field inoculation techniques and screening of cowpea genotypes
Two infection methods were employed namely: spreader-rows of S cultivar and artificial inoculation. The first method was done by planting the individual genotypes in rows in each plot surrounded by a S cultivar (Ebelat). The S cultivar was planted 10 days earlier to provide high pressure of aphids (A. craccivora Koch) and CABMV inoculum. In addition, the second method was carried out on the test genotypes by artificial inoculation of fully expanded primary leaves of 14-day-old seedlings with the virus extract. The extract was prepared by detaching and grinding the symptomatic leaves obtained from the insect-proof cage in a 0.01 M phosphate buffer. The insect-proof cage was used to rear aphids and allowed to feed on S cowpea seedlings of Ebelat from which the leaves were obtained to prepare the virus extract. The symptomatic leaf extract was prepared and by using a micropipette, 200 ll of the virus inoculum was measured and used to inoculate the individual test genotype on the young growing plant leaves in the field following carborundum powder (abrasive agent) application to the leaves to be inoculated. The carborundum powder was used to induce wounds on the plants to enhance virus penetration into the plant cells.
As a result of visual observation and ELISA tests, it was showed that out of the total of 54 cowpea genotypes evaluated, 49 genotypes were discarded due to severe infection by CABMV, while 5 genotypes were retained for breeding work because of good resistance to the virus (data not presented).
Plant materials and breeding activities in the greenhouse
Five genotypes that showed R levels to CABMV infection from a total of 54 genotypes were selected and used for breeding work. The R genotypes selected included IT82D-889, IT85F-2841, IT82D-516-2, MU-93 and SECOW-2W, and S landraces included Ebelat, Ecirikukwai and Blackcowpea. The S landraces are the cowpea cultivars commonly grown by farmers in Uganda. The parents were planted in five litre plastic buckets filled with top soil and watered using plastic watering container whenever necessary in the greenhouse. In order to synchronise the flowering periods of male and female parents, staggered planting was done at an interval of 5 days for any of the parents. In generating the crosses, the R parents were used as males, while the S set was used as females; in accordance of a North Carolina mating design II scheme to develop F 1 crosses. The seeds of each F 1 cross were harvested and planted in separate plots in the field for evaluation. The F 2 crosses were generated as result of selfing of F 1 crosses. To obtain the backcrosses, some of the F 1 seeds of each cross were planted separately in plastic buckets in the greenhouse. At flowering, each F 1 cross was backcrossed to the respective recurrent parents to generate BC 1 F 1 seeds in the greenhouse using backcross scheme Fig. 1 .
Field evaluation and inoculum technique
The 15 crosses generated in respect to F 1 , F 2 and BC 1 F 1 populations were planted separately in the field. The test populations were subjected to virus infection using two infection methods as mentioned before namely: natural and artificial technique. Using the natural technique as the first method of infection in the field trials, the seeds of the test plant populations (F 1 , F 2 and BC 1 F 1 ) were planted 10 days after introducing the spreader-infector rows of S Ebelat. This was purposely done in order to generate adequate pressure of aphids (A. craccivora Koch) to cause uniform infestation and transmission of the CABMV inoculum.
The second method of infection was done using artificial technique on the same test populations on fully expanded primary leaves when they were 14-day-old with the CABMV extract in the field trials. This was done with inoculum extract that were prepared by growing adequate plants of the S cultivar, Ebelat, in plastic buckets. To propagate the CABMV, live and young viruliferous aphids at nymph stage were maintained on young growing cowpea seedlings in an insect-proof cage (made of shade net of 5 9 5 9 2.5 m) at the research station (NaSARRI) in eastern Uganda. This was to enhance transmission and increase CABMV inoculum in the healthy growing seedlings. The aphids were allowed to feed on the plants for a period of 2 weeks for proper transmission of virus and aphids were continuously transferred and maintained on new growing cowpea seedlings in plastic buckets in an insect-proof cage. The CABMV extract was prepared by detaching and grinding young symptomatic leaves obtained from the insect-proof cage in a 0.01 M phosphate buffer. The symptomatic leaf extract was prepared and using a micropipette, 200 ll of the inoculum was measured and used to inoculate leaves per plant of the test plant populations together with their parents in the field following carborundum powder (abrasive agent) application. The two inoculum techniques were intended to provide an even distribution of virus disease pressure on the test plant populations so that no population escaped from the CABMV infection. The test Data significant at ** P B 0.01 and *** P B 0.001, respectively and ns data not significant Data significant at ** P = 0.01 and *** P = 0.001, respectively; SE standard error, AUDPC area under disease progress curve Ebelat 9 IT85F-2841 1.0 1.3
Ebelat 9 IT82D-516-2 -2.8 -1.5
Ebelat 9 MU-93 3.1 2.2
Ebelat 9 SECOW-2W -7.1** -4.4** Ecirikukwai 9 IT82D-889 4.3 0.7
Ecirikukwai 9 IT85F-2841 5.1 1.9
Ecirikukwai 9 IT82D-516-2 -2.7 -0.6
Ecirikukwai 9 MU-93 -3.6 -1.2
Ecirikukwai 9 SECOW-2W -3.1 -0.8
Blackcowpea 9 IT82D-889 -10.1*** -3.1 Blackcowpea 9 IT85F-2841 -6.1 -3.2
Blackcowpea 9 IT82D-516-2 5.5 2.1
Blackcowpea 9 MU-93 0.5 -1.0
Blackcowpea 9 SECOW-2W 10.2*** 5.2** SE 3.4 2.0 Data significant at ** P = 0.01 and *** P = 0.001, respectively populations were monitored visually for any development of symptomatic infection of CABMV on each cross.
Data collection and analysis
For each population, CABMV severity was scored on individual plants and number of observed R and S plants in each population was counted and recorded.
The disease severity was assessed visually as plant leaves with virus symptoms using a rating scale of 1-9: where 1 = 0 % (no virus symptoms) and 9 = [60 % (very severe virus symptoms and death of the plant). Five data sets of severity assessments were used to calculate the area under disease progress curve (AUDPC) for the crosses and their parents as described by Anilkumar et al. (1994) . Using the models as indicated below, the following were carried out: Mean disease severity data were analysed using the following fixed effects model
where: Y ijk is the kth observation on ith male 9 jth female progeny, l is the general mean, m i is the general combining ability (GCA) effect of ith male, f j is the GCA effect of jth female, (m 9 f) ij is the interaction effect, equivalent to the specific combining ability (SCA) effect, and e ijk is the error associated with each observation.
Where: n = the total number of observations, X i = disease severity in percentages at the ith observation, t = time in days after virus inoculation at ith observation, and t i?1 = interval between two consecutive observations.
Combining ability estimates were calculated as described by Singh and Chaudhary (1985) . Relative importance of GCA and SCA was determined by calculating the percentage of the sum of squares for the crosses attributable to GCA and SCA effects (Menkir and Ayodele 2005) . Observed and expected phenotypic segregation ratios of R to S crosses were tested by using v 2 for goodness of fit, assuming a monogenic model for inheritance of resistance.
Results and discussion

Combining ability estimates
There were significant (P B 0.001) differences among the crosses and parents for disease severity (Table 1) . The GCA females and the SCA effects were highly significant (P B 0.001). The significant GCA mean squares due to the female parents and SCA effects indicates that both additive and non-additive gene effects, respectively, were important for determining severity of CABMV resistance. The high magnitude of GCA in comparison to SCA is an indication of the Ecirikukwai 9 IT82D-516-2 R (0-10 %) 6 9.25 1.52 S ([10 %) 31 27.75 Euphytica (2013) 189:191-201 197 However, the GCA mean squares due to male parents was not significant (P [ 0.05), indicating that female parents contributed more to disease severity than their male counterparts. The cowpea genotypes (male parents) were purposely evaluated to identify the best R genotypes for use in improving CABMV resistance in the local cowpea landraces which are widely grown.
Strong negative values of GCA effects of the parents showed contribution of GCA towards resistance for CABMV disease. It was observed that the female parent (Ecirikukwai) had highly negative GCA effects indicating that it contributed resistance in the crosses. This explains the fact that a cultivar (Ecirikukwai) may become S, but recovers from the infection of the virus. The positive significant values indicate contributions to susceptibility among the parents. The expression of resistance, which is reflected in negative values, is due to high gene frequency for resistance, while the positive values are due to low gene frequency for CABMV resistance. The female parent Ecirikukwai expressed a higher negative GCA effect for virus resistance, while Ebelat had positive GCA and Blackcowpea had non-significant GCA effects (Table 2 ). This observation indicated that susceptibility levels varied among the female parents, with Ecirikukwai being the least S, while Ebelat contributed more to susceptibility in the crosses. Results suggest that resistance levels also varied among the male parents, where IT82D-516-2 was the most R as indicated by significant negative GCA effects ( Table 2 ). The male genotype IT82D-889 had the least level of resistance as indicated by significant positive GCA effects, implying little contribution to CABMV resistance in crosses. The other three male parents IT85F-2841, MU-93 and SECOW-2W had non-significant GCA effects, indicating that they had little contribution to additive CABMV resistance exhibited by the crosses. The parental strains with negative GCA effects could be regarded as desirable combiners for resistance. Three superior crosses were observed, with negative SCA effects ( Table 3) . The cross Blackcowpea 9 IT82D-889 was the best specific combiner, while Blackcowpea 9 SECOW-2W was positive and the poorest specific combiner. However, significance of SCA effects would not be useful because cowpea breeding programmes do not aim at producing F 1 hybrids; but the importance of GCA effects suggests that early generation selection in F 2 would be effective in breeding for resistance to CABMV in cowpeas. Utilisation of good general combiners such as MU-93, IT82D-516-2, SECOW-2W and IT85F-2841 in hybridisation work followed by selection in segregating populations would be beneficial in the breeding programme. This could be done by adopting progeny selection techniques for exploiting additive genetic variance to improve inbred progenies with a superior performance than the parents (Jatasra 1980; Hanson et al. 1998) (Fig. 1) . Segregation analysis to CABMV resistance
The frequency distribution of families in percentages for percentage severity of F 2 plants showed segregation for CABMV severity in all populations, and in general revealed continuous distribution of progenies (Figs. 2, 3, and 4) . Large numbers of S plants within the individual populations were observed in the populations Ecirikukwai 9 IT82D-889, Ecirikukwai 9 MU-93, Ebelat 9 IT85F-2841, Ebelat 9 IT82D-516-2, Ebelat 9 MU-93, Ebelat 9 IT82D-889, Blackcowpea 9 IT82D-889, Blackcowpea 9 SECOW-2W and Blackcowpea 9 MU-93. Nevertheless, a few plants within the population were observed with moderate resistance to CABMV infection (Figs. 2, 3 , and 4). This suggests that there is more than one gene controlling resistance to CABMV in the individual parents. It was also observed that when the F 2 populations were subjected to a critical v 2 test, seven populations showed a good fit to a segregation ratio of 1R:3S suggesting single gene effects (Table 4) , while eight populations did not show good fit to a segregation ration of 1R:3S, suggesting that more than one recessive gene is involved in the inheritance of resistance to CABMV (Table 5) .
Similarly, other backcross populations segregated in ratios of 1R:1S (Table 6) , while others were skewed towards susceptibility with most progenies fitting in the susceptibility classes (10-40 % disease severity). Observation of individuals with partial resistance to Blackcowpea 9 (2013) 189:191-201 199 CABMV, and continuous distribution of severity scores in most populations, suggests that resistance was conditioned by more than one recessive gene, with minor gene at a different locus. The susceptibility to CABMV in F 2 populations showed that susceptibility was dominant to resistance. Frequency distribution of segregating F 2 populations was not normal, but had skewed distributions which may be explained by dominance gene action that exhibited in some populations. Bjarko and Line (1988) reported that lack of discrete classes in the segregating populations of the crosses may result in low heritability due to segregation of several genetic factors. Furthermore, Bjarko and Line (1988) noted that the lack of normal distribution is a result of the presence of dominance, epistasis, and probably the linkage between resistance genes. Other progenies, the v 2 values were significantly larger than the critical v 2 value in the Table 6 , indicating the involvement of more than one recessive gene conditioning resistance to CABMV. The F 2 populations Blackcowpea 9 IT82D-889, Ecirikukwai 9 IT82D-889, Ebelat 9 IT82D-516-2, Ebelat 9 IT82D-889, Ebelat 9 IT85F-2841, Blackcowpea 9 IT82D-516-2 and Blackcowpea 9 SECOW-2W had significant v 2 values larger than critical value, indicating the presence of more than one gene controlling resistance in these populations. A survey of literature indicated that quantitative resistance to CABMV has not been previously reported in cowpeas. However, the involvement of single or few genes has been previously reported. Shukler et al. (1978) and Pal et al. (1991) reported that resistance to yellow mosaic virus in cowpea was conditioned by double recessive genes. In the case of Taiwo et al. (1981) reported that inheritance of resistance to CABMV was conditioned by a single recessive gene.
Conclusions
The predominance of GCA effects, mainly due to the female parents, in the F 1 generation and the continuous distribution of F 2 progenies according to disease severity, suggested the involvement of many minor genes conditioning CABMV resistance in F 1 crosses. Results also suggested that a single recessive gene conditioned CABMV resistance in seven populations in F 2 , and in four populations in the BC 1 F 1 generations. The progenies of Blackcowpea 9 IT82D-889, Ebelat 9 IT82D-889 and Blackcowpea 9 SECOW-2W did not fit to 1R:3S expectations in F 2 generation, supporting observation of polygenic inheritance. The backcross populations Ecirikukwai 9 SECOW-2W and Ecirikukwai 9 IT82D-516-2 showed a good fit in segregation ratio of 1R:1S, which supported monogenic inheritance. However, progenies of backcross populations of Blackcowpea 9 SECOW-2W and Blackcowpea 9 IT82D-889 did not fit a 1R:1S expectations, adding credence to the observation of polygenic inheritance for CABMV resistance in these cowpea genotypes. Both additive and non-additive gene action were important in determining CABMV resistance. It can be concluded that the resistance in the cowpea crosses was controlled by a single gene in seven populations and more than one gene in eight populations in this study.
